) and diverse biological entities in the oceans, but their parasitic lifestyles collectively turn over >25% of global photosynthetically fixed carbon through cell lysis, fuel upper ocean respiration by channeling dissolved organic matter to heterotrophic bacteria, and drive the tempo of microbial evolution by catalyzing the exchange of genetic material (1, 2). In these contexts, viruses are the great engines of oceanic biogeochemistry and microbial evolution. Unfortunately, methodological limitations and the rapid "mosaic" nature of virus evolution (3) have significantly hindered our understanding of virioplankton biology and ecology. Marine viruses come in an astounding array of morphologies, lifestyles, genome organization, and sizes, ranging from the immense nucleocytoplasmic large double-stranded (ds)DNA-containing viruses (NCLDVs), which contain the Pandoraviruses [with up to 2.5-Mb genomes (4)], to the extremely small single-stranded (ss) DNA and RNA representatives characterized by only three to four genes and ∼0.3% the relative genome size [∼1.7-11 Kb (5-7)]. Microbial autotrophs and heterotrophs alike fall prey to this parasitic pressure, with a majority of marine viruses targeting bacteria (bacteriophages) as high abundance targets (10 9 L
−1
). Unlike the cellular life of eukarya, bacteria, and archaea, for which universally shared small subunit ribosomal RNA genes have revolutionized our understanding of cellular diversity, ecology, and evolution (8) , viruses lack a universally conserved phylogenetic marker. PCR-based approaches have historically targeted specific genes within particular virus subclades [e.g., DNA polymerase genes for viruses infecting eukaryotic microalgae (9) or genes encoding the major capsid protein (g23) of T4-like myoviruses (10) ]. "Omic" approaches have since provided unprecedented insight into virus diversity and even a glimpse into inferred function (11), but infection lifestyles have remained elusive given most virus-derived sequences have no database matches (12) . In PNAS, Sakowski et al. (13) address these fundamental issues by using ribonucleotide reductases (RNRs) from virus metagenomes as a unifying molecular marker to not only characterize the diversity of resident viruses in distinct marine environments, but to infer their ecological strategies (e.g., specialists vs. generalists) across environmental gradients.
As the only enzymes catalytically responsible for de novo synthesis of deoxyribonucleotides from ribonucleotides, RNRs are central to DNA synthesis and repair and are conserved in all living organisms (14) . All RNRs share a common basic catalytic mechanism to synthesize the four deoxyribonucleotide triphosphates (dNTPs) by substitution of the 2′-OH of a ribonucleoside di-or triphosphate with a hydrogen atom, but they differ in their interaction with oxygen and in their generation of reactive thiyl radical (15) . Class I enzymes depend on oxygen for radical generation, class II enzymes are oxygen independent and use adenosylcobalamin, and the anaerobic class III enzymes require S-adenosylmethionine and an iron-sulfur cluster. Despite their metabolic prominence, the ancient evolutionary origin of RNRs remains elusive due to lateral gene transfer among and within the three domains of life (14) . A common feature of all RNRs is their ability to provide an appropriate balance of the four DNA building blocks through unique allosteric regulation of substrate specificity. RNRs also critically regulate the total rate of DNA synthesis to maintain constant DNA:cell mass ratios during cell division and DNA repair (16) .
RNRs are integral to viruses
As protein-protected packages of genomic information that are poised and programmed to stimulate rapid DNA synthesis on infection, RNRs are in essence the heartbeat of DNA viruses. In many cases, viruses depend on the RNR activity of their host. However, in marine environments, RNRs are among a suite of coevolving, host-derived auxillary metabolic genes (AMGs) that have been laterally transferred into virus genomes and mechanistically overcome metabolic bottlenecks to aid in infection. In cyanophages that infect Prochlorococcus, the most abundant photoautotroph on the planet, the RNR encoding gene (nrd) is colocated on genome islands and has coordinated expression with genes involved in energy generation (psbA, D1 protein in photosystem II), stress regulation (hli, high light inducible stress response protein), and metabolite balance in the pentose phosphate pathway (talC, transaldolase) (17) . Remarkably, the fundamental operational properties for genes within these expression clusters are conserved across cyanophage and enteric phage (T7-coliphages) genomes (17, 18) , even though their hosts drastically differ with respect to energy source, habitat, and growth rate. More broadly, DNA metabolism pathways (i.e., those involved in the recycling of host nucleotides and de novo synthesis with RNRs) are among the most viral-enriched AMGs in metagenomic reads from the Global Ocean Survey dataset (19) .
Sakowski et al. (13) argue that RNRs hold unique promise as universal gene targets to help compare phage functional diversity and to infer comparative ecology, given their distribution over a wide range of viruses, including all three Caudovirales families of tailed phages (Myoviridiae, Podoviridae, and Siphoviridae) and viruses infecting hosts within all three domains of life, and their strong ties to lytic marine phage lifestyles (18) . They specifically focused on the catalytic (α) subunit of the RNR holoenzyme in virome libraries spanning a broad longitudinal transect of oceanic environments (Gulf of Maine, Chesapeake Bay, and the Dry Tortugas) to examine the biological and ecological features of lytic phage populations within the Caudovirales. RNR α-subunit genes were present in ∼93% of sampled dsDNA virioplankton, supporting their ubiquity among marine viruses and allowing for a unique molecular calibration of virus abundance within the different RNR subgroups. Class II ribonucleoside triphosphate reductases (RTPRs) were the most abundant and diverse group, accounting for 34% of virioplankton RNRs in the Gulf of Maine and Chesapeake Bay and >50% in the Dry Tortugas. Although these RNRs claded with a single reference phage (Puniceispirillum phage HMO-2011, a podovirus infecting a member of the SAR116 α-proteobacteria), they had more similarity to one another than to reference sequences. Cyanophage-like RNRs were ubiquitous among viromes and divided according to morphology, with T4-like cyanomyoviruses containing class I RNRs and both cyanosiphoviruses and cyanopodoviruses carrying class II RNRs. Although the class II B12-dependent RNR sequences were more abundant than O 2 -dependent class I RNRs in all three environments, RNR groups generally displayed environment-specific profiles across dsDNA viromes suggestive of distinct niches.
An entre into infection ecology
Using the well-characterized biology of cultured cyanobacteria-cyanophage hostvirus systems (20) (21) (22) , Sakowski et al. (13) contextualized their cyanophage-like RNR sequences to infer ecological strategies. There is a growing consensus that morphological groups of tailed cyanophages broadly correspond with infection lifestyle; myoviruses are considered generalists, capable of infecting a broader range of hosts, whereas podo-and siphoviruses are considered specialists, infecting a narrow range of host species (20) (21) (22) . Here, the diversity of cyanophage-like RNR sequences connected broadly with T4-like cyanomyovirus (class I) and cyanosiphovirus/cyanopodovirus (class II) morphological groups, making it the first genetic marker to be linked with phage morphological groups from natural virioplankton and one with predictive patterns of specialist vs. generalist lifestyles. The high proportion of class II RNRs in their dataset was indicative of abundant podoviral populations and largely consistent with the "Kill the Winner-Cost of Resistance" model (the KtW-COR model) (23) , which predicts the dominance of specialist phages within virioplankton assemblages.
Relatively few RNR sequences from known phage genomes grouped with the abundant class II RTPR and class I other RNR groups, limiting the ability to extend such ecological inferences. Nonetheless, an analysis of the genomic context of these RNRs on >5-kb contigs from a deeply sequenced virome library helped to characterize their origin and provide some clues. RTPR sequences likely derived from podoviruses given a majority of identifiable open reading frames (ORFs) were most similar to genes from known podoviruses infecting α-proteobacteria. Likewise, 7 of 10 predicted ORFs on a 12-kb contig containing a class I other RNR shared homology with genes of podoviruses infecting α-proteobacteria, such as Pelagibacter phages HTVC011P and HTVC019P (24) and Roseobacter phage SIO1 (25) . Together with findings that many RTPR sequences were similar to RNRs from eukaryotic green algal species, who normally lack these class II B12-dependent forms and likely derive from lateral gene transfer from cohabitating bacteria, Sakowski et al. (13) hypothesize that these class II RTPR sequences are from podoviruses that infect B12-producing algaeassociated α-proteobacteria. The fact that distinct RNRs were observed between reference myoviral and podoviral Pelagiphages suggests that RNRs can provide a cultivation-independent means to assess the abundance, distribution, and ecological strategies of this poorly studied group.
Can the findings of Sakowski et al. (13) be broadly extended to diverse dsDNA phages?
Not all related phages carry RNR. Only 128 of 685 (19%) completely sequenced dsDNA phage genomes had recognizable RNRs (26) , with many having marine origins. Among T7-like podoviruses, only marine phages carry RNR genes (18) . At the same time, two of the three identified Pelagibacter podoviruses (phages HTVC010P and HTVC011P) have no identifiable RNR genes in their genomes (24) . It is unclear why only some related phages carry RNR genes, particularly lytic phages in marine environments where RNR may provide a selective advantage in phosphate-limited environments. In the case of the Pelagibacter podoviruses, overrecruitment of virioplankton reads to the RNR in HTVC019P genome implies they are more prevalent than cultivated references indicate. RNRs clearly appear to play prominent functional and diagnostic roles in the phages that infect picocyanobacteria and Pelagibacter, the two most prominent microbial groups in the oceans. Enhanced knowledge of the biology of these phage-host systems combined with the development of diagnostic biomarkers that demonstrate infection of specific hosts at sea will undoubtedly bring its utility into promise.
